Beam dynamics are often measured using accelerometers and in some cases laser based systems. Natural frequencies, modes shapes, and deflections are then derived from these measurements. The work presented here describes a method to directly measure the deflection curve of a vibrating beam using piezoelectric films. The sensor consists of a constant shape PolyVinyliDene Fluoride (PVDF) film bonded to the surface of the beam and spanning the entire beam length. Bands parallel to the width of the beam are etched on the film to create multiple separate sections of the sensor on the lower electrode. The individual output charge of the sensor sections is shown to be proportional to the slope of the beam lateral displacement curve at the location of the patch or section. The beam surface lateral displacement curve is calculated from the slopes using the central difference method. The equation of the sensor is derived along with errors analysis followed by numerical and multiphysics simulation. The results show that the proposed sensor can be used to effectively measure the lateral vibration displacements of prismatic beams with various boundary conditions. Furthermore, acceleration measurements on a clamped-clamped beam are used to validate the sensor design. It is shown in the paper that the accuracy of the sensor is closely related to the number of sensor sections and the target highest frequency. Thus, a relatively large number of measurement channels may be needed depending on the required accuracy of the measurements and the highest frequency in the excitation.
INTRODUCTION
Actuators and sensors play a central role in active vibration control, acoustic emission monitoring, nondestructive testing, structure health monitoring, and many other types of applications. 1 In the last three decades or so, the design of the actuators and sensors has been focused on piezo films, 2 especially on the use of PVDF, which is a piezoelectric polymer that can be poled in thin films down to 9 micron. 3 This makes them suitable for sensor development because they add little loading to the receiving structure and are easy to cut, shape, and etch. 4 Many applications of PVDF based sensors can be found in literature in active noise and vibration control, 5 material characterization, 6 the medical field, 7 etc. PVDF is usually in the form of a film that is bonded to the structure. 8 To cite but a few, recent applications of PVDF as actuator involved a vibrating membrane used for fatigue test of thin films. 9 Another application uses PVDF laminate as an actuator to control the vibration of a cylindrical shell. 10 In these applications, multiple layers of film are used to increase the available actuating force. However for sensing, the ideal situation is to use as minimum number of layers as possible so that the sensor does not interfere with the structure's dynamic properties. In general, the film is very flexible compared to the structure to which it is bonded. Therefore, the strain transferred to the structure is expected to be very small. The film is usually shaped 11 to extract the dynamic properties of interest. Researchers have measured the volume velocity of beams and plates for active noise and vibration cancellation 12 using quadratic functions to shape the sensor film while others have used a mixture of quadratic and linear functions to shape sensors that measure localized volume velocity. 13 The current paper presents the framework for the measurement of the lateral displacements of a vibrating beam using distributed sensor for various boundary conditions. Generally, well established point sensors such as accelerometers are used to measure the dynamic properties of vibrating structures.
However for control systems, especially since the advent and wide spread of active control and structural health monitoring, researchers have been looking for more non-conventional sensors (mainly distributed sensors). In the case of active vibration control, distributed sensors tend to provide better vibration properties of the controlled structure. Unlike point sensors, distributed sensors can give simultaneous measurement data for various locations on the structure and are less likely to miss a vibration mode. For example, a point sensor on a relatively long beam could provide a false reading of the state of the beam if its location corresponds to a vibration node. 14 One particular promising application that motivated the investigation of the proposed sensor is the monitoring of the structural supports of signs, luminaires, and traffic signals. 15 Various vibration mitigation devices have been proposed for these structural supports with no clear solution on how to assess their effectiveness. The sensor presented here could be an affordable solution for evaluating and monitoring the effectiveness of the vibration-mitigation 16 devices of structural supports of signs, luminaires, and traffic signals.
The proposed sensor can also be used in active vibration and noise control or structural members health monitoring. The sensor measures the slopes of the beam simultaneously at multiple locations on the beam to yield the instantaneous real time vibration curves. Important beam mechanical entities such as strains and stresses can be readily computed from the deflection curves making the proposed sensor an invaluable asset in control and structural health monitoring. Dynamic properties such as natural frequencies and mode shapes can also be calculated from the instantaneous deflection curves.
Strain based dynamic point sensors have been around for decades. These sensors use internal beams 17 to relate the dynamic properties of the structure to the strain on the surface of the beam. The strain at any point on the cantilever beam is proportional to the deflection of the mass. Therefore, the displacement of the base and the motion of the corresponding point on the structure can be found. The sensor proposed here extends
